I show that a flow structure where wide jets hit a slower expanding shell might be very efficient in channelling the kinetic energy of the jets to radiation, therefore accounting for, at a least a fraction of, intermediate luminosity optical transients (ILOTs) where the total radiation energy is much larger than what recombination energy of the outflow can supply. This type of flow might occur in the frame of the high-accretion-powered ILOT (HAPI) model, where there is a high mass accretion rate as a result of stellar merger or mass transfer in a binary system. I derive the condition on the jets halfopening angle for the jets not to penetrate through the slow shell, as well as the ratio of the photon diffusion time to expansion time. This ratio cannot be too large if a large fraction of the thermal energy is channelled to radiation. I apply the jet-powered radiation model to the Great Eruption of Eta Carinae and to V838 Mon, and find a plausible set of parameters for both ILOTs. I expect the jet-powered radiation model to be more efficient in converting kinetic energy to radiation than ILOT models that are based on equatorial mass concentration. In many cases, thought, I expect both jets and equatorial mass concentration to occur in the same system.
INTRODUCTION
Observations show that eruptive transients with peak luminosities between luminosities of classical novae and typical luminosities of supernovae form a heterogeneous group (e.g. Mould et al. 1990; Rau et al. 2007; Ofek et al. 2008; Mason et al. 2010; Kasliwal 2011; Tylenda et al. 2013; Kasliwal 2013; Blagorodnova et al. 2017; Kaminski et al. 2018; Pastorello et al. 2018; Boian, & Groh 2019; Cai et al. 2019; Jencson et al. 2019; ). These transients might differ from each other by several properties, including by the powering mechanism, which might be thermonuclear or gravitational. The present study aims at eruptions that are powered by gravitational energy.
The gravitational energy source is a high mass accretion rate, either by a mass transfer or by the destruction of one star onto the other, including a merger and the onset of a common envelope phase (e.g., Retter & Marom 2003; Tylenda et al. 2011; Ivanova et al. 2013; Nandez et al. 2014; Kamiński et al. 2015; MacLeod et al. 2017; Segev et al. 2019; Schrøder et al. 2020 ) and the grazing envelope evolution (Soker 2016) . In the case of mass transfer without a merger process, the ILOT might repeat itself, even many times. An intermediate case is an evolution where the secondary star gets in and out of the primary envelope, such as in the common envelope jets supernova (CEJSN) impostor scenario where a neutron star gets in and out from a giant envelope as it launches jets (Soker, & Gilkis 2018; Gilkis et al. 2019; Yalinewich, & Matzner 2019) .
The model of gravitational powering mechanism is termed the high-accretion-powered ILOT (HAPI) model . The accretion of mass through an accretion disk might lead to the launching of jets. The focus of this study is the efficient channelling of the kinetic energy of the jets to radiation. I use the term Intermediate Luminosity Optical Transients (ILOTs; Berger et al. 2009; Muthukrishna et al. 2019) for these gravitationally powered transients. One can define several sub-classes of the heterogeneous class of ILOTs (e.g., Kashi & Soker 2016 1 ). I do note that there is no agreement yet on the division to sub-classes and on what terms to use for the different sub-classes. Pastorello et al. (2019) who use the term ILOTs, have a different division of ILOTs to subclasses than that of , while others do not use the term ILOT (e.g., Jencson et al. 2019) .
I continue with the view of previous studies that attribute ILOT events to binary interaction (e.g., Kashi et al. 2010; Mcley & Soker 2014; Pejcha et al. 2016a,b; Soker 2016; MacLeod et al. 2018; Michaelis et al. 2018; Pastorello et al. 2019) . Particularly, this study deals with processes in the frame of the HAPI model, where the accretion process leads to the launching of jets. The jets collide with a slower outflow and transfer kinetic energy to thermal energy (section 2). The conditions on the jets to efficiently thermalize their kinetic energy is that the jets do not penetrate the slowly expanding gas (section 3). In section 4 I study the conditions to channel a large fraction of the thermal energy to radiation. In section 5 I apply the conclusions to two ILOTs.
Another way to transfer kinetic energy to radiation is the collision of a spherical fast ejecta with an equatorial disk or an equatorial outflow (e.g., Andrews, & Smith 2018; Kurfürst & Krtička 2019) , where the a binary interaction forms the equatorial mass concentration (e.g., Pejcha et al. 2016a,b; Andrews, & Smith 2018; Hubová, & Pejcha 2019; Kurfürst & Krtička 2019; Gofman, & Soker 2019) . I compare these cases to jet-powered radiation ILOTs in section 6. I summarise this study in section 7.
LARGE THERMAL ENERGY
I consider cases where the interaction is very strong in the sense that (1) a large fraction (but not necessarily the majority) of the kinetic energy of the outflow is channelled to radiation, and (2) the total radiated energy is larger than what the recombination energy can supply.
The first condition requires a strong collision between different ejecta components, like the collision of two or more shells, jets with a shell, jets with blobs, etc. In this study I take the slow outflow to be a spherical shell of mass M s , and a velocity of v s . For the fast component I take jets, that might be narrow to wide, i.e., from a half opening angle of α j few • to close to α j 90 • . The mass in the two jets is M 2j and they have an initial terminal velocity of v j v s . I schematically present the flow in Fig. 1 .
In this flow most of the kinetic energy is carried by the jets, (1/2)M 2j v 2 s (1/2)M s v 2 s . The two conditions for a strong shock that transfers a large fraction of the kinetic energy of the jets to thermal energy are
where M c ≤ M s is the mass of the shell with which the jets collide. To this we need to add the condition that the hot post-shock gas, of the jets and/or the shell, cooling time due to radiation is not much longer than the cooling time due to adiabatic expansion. This is the subject of section 4. I consider cases where the radiated energy is more than twice the recombination energy. This will require that the kinetic energy of the flow is larger than the recombination energy, as not all the kinetic energy is channelled to radiation. One of the conditions for an efficiently radiating jet-powered ILOT is therefore
assuming that both the hydrogen and helium in the jets and in the shell recombines and the gas has a solar composition. For comparison, if a fraction η of the kinetic energy of the jets is turned to radiation, then the radiation due to the kinetic energy of the jets is
The main conclusion here is that the outflow velocity should be the typical escape speed from main sequence stars or from more compact objects.
THE REQUIREMENT FOR WIDE JETS
To utilise a large fraction of the kinetic energy of the jets to radiation, the jets should not penetrate through the slow shell and escape. The jets collide with the slow shell and exerts a ram pressure of about
where v h is the velocity of the head of the jets, namely, the velocity of the interaction zone between the jet and the shell (yellow boundaries in Fig. 1 ). The slow shell exerts a ram pressure on the interaction zone in the opposite direction ρ s (v h − v s ) 2 , where ρ s is the density in the slow shell. Let the head of the jet proceeds through the slow shell with a velocity that obeys v s v h v j . Balancing ram pressure on both sides of the interaction zone, ρ j v 2 j ρ s v 2 h , gives the velocity of the jets' head as v h v j (ρ j /ρ s ) 1/2 . The condition that the jets do not penetrate through the shell reads
where r s is the average radius of the shell, ∆r s is the thickness of the slow shell, and ∆t j is the jets' launching time period. The density of the pre-shock jet is
where Ω 2j is the solid angle that the two jets span, anḋ M 2j = M 2j /∆t j . Substituting for the density of the jets from equation (5) and for the density of the slow shell ρ s = M s /(4πr 2 s ∆r s ) in equation (4), we derive the nonpenetration condition as
This value of Ω 2j corresponds to a jet's half opening angle of α j = 45 • . Different ILOTs will have very different properties, and it might be that in some cases the jets might be narrow. However, equation (6) suggests that in many cases efficiently radiating jet-powered ILOTs require wide jets.
In some cases a close binary system itself forms wide jets even if the outflow from the secondary star that launches the jets is narrow. Consider two very close main sequence stars, or slightly evolved off the main sequence stars. The orbital velocity of the stars is about the Keplerian velocity on the surface of a main sequence star, v Kep . The star that launches the jets orbit the center of mass with a velocity that is a large fraction of that, say v orb 0.5v Kep . The star launches the jets with the escape velocity from a main sequence star v j 2 1/2 v Kep . Over one orbital period the polar outflow will have a half opening angle that is > tan −1 (v orb /v j ) tan −1 0.35 = 19 • , for these values.
The requirement by equation (6) implies that in many cases of efficiently radiating jet-powered ILOTs the outflow morphology will be of a bipolar structure with two large opposite lobes, e.g., like the the structure of the bipolar outflow of Eta Carinae, the so called Homunculus.
EMISSION EFFICIENCY
The shocked jets material forms a hot zone. For jets that do not penetrate deep into the slow shell this hot gas fills a large (almost spherical) volume within the slow shell. This hot gas accelerates the shell and cools by this P dV work. For an efficient convection of thermal energy to radiation, the photon diffusion time must be shorter, or not too much longer, that the expansion time. If radiation is not efficient, then energy conservation gives the final velocity of the shell as
The photon diffusion time across the shell is
where τ = ρ s κ∆r s is the optical depth of the shell, κ is the opacity, and c is the light speed. The condition that the shocked jets' material cools mainly by radiation reads therefore
The fraction of energy that ends in radaition out of the total energy is f t −1 diff /(t −1 diff + t −1 exp ). The inequality in equation (9) holds for cases where more energy ends in radiation than in kinetic energy. But for the cases I study here, even somewhat higher values of t diff /t exp 10 are fine, implying that about 10% or more of the energy ends in radiation.
EXAMINING TWO ILOTS
I apply the results of the previous sections to the Great Eruption of Eta Carinae and to V838 Mon. There are large uncertainties in the values of different parameters, and in the exact morphology of the outflows. Therefore, what I give below are plausible values for these two ILOTs.
The Great Eruption of Eta Carina
I consider the powering of the Great Eruption of Eta Carinae, about 1837-1856 (for a review see, e.g., Davidson, & Humphreys 1997) , by jets that the secondary star launched (e.g., Soker 2007) as it accreted mass (e.g., Kashi, & Soker 2010a,b) from the primary luminous blue variable (LBV) star.
I take the following general properties of the Great Eruption. A luminosity of L GE 2 × 10 7 L for a distance of D = 2.3 kpc (Davidson, & Humphreys 1997) . For the new distance that Davidson et al. (2018) derive, D = 2.6 kpc, the luminosity is L GE 2.5 × 10 7 L . The estimates of the effective temperature fall in the range of T eff 5000 K (Rest et al. 2012 ) to T eff 6500 K (Davidson, & Humphreys 2012) . The radius of the photosphere for the new disatnce of D = 2.6 kpc is then R ph 4.6 × 10 14 − 2.7 × 10 14 cm 31 − 18 AU, for the above range of temperatures, respectively. For the lower distance to Eta Carinae the radii are smaller.
The kinetic energy and mass in the Homunculus (the bipolar outflow) are E kin 6 × 10 49 erg and M s 20M (Smith et al. 2003) . Adding the extra radiation, E rad,extra 2 × 10 49 (for the old distance of 2.3 kpc), the total energy of the event is 8 × 10 49 erg. With the new distance the energy is larger. The observed ratio of radiation to total energy is f GE,o = [E rad /(E kin + E rad )] GE,o ≈ 0.25. Definitely in the Great Eruption Eta Carinae radiated much more energy than the recombination energy can give (eq. 2).
For the mass that the jets carry I take M 2j = 2M (Kashi, & Soker 2010a ) and for their velocity v j 3000 km s −1 , about the estimated present wind velocity from the secondary star (e.g., Pittard, & Corcoran 2002) .
The slow shell might have the escape speed from the primary star, v s 500 km s −1 . The mass ejected in the event expands relative to the main outflow velocity, with the sound speed, which is 10 km s −1 . For that, the shell might be thinner even than ∆r e 0.3r s , but I will tke the value 0.3. Substituting the above values in equation (9), I find for the great Eruption of Eta Carina
The expected ratio of radiated to total energy in this scenario for jet-powered radiation in an ILOT is f GE,j t −1 diff /(t −1 diff + t −1 exp )] GE,j ≈ 1/(1 + 4) ≈ 0.2. Concerning the large uncertainties and some poorly known parameters, this value is quite close to the observed value of f GE,o ≈ 0.25. The uncertainties include observational quantities and parameters of the model, like the opacity. In an inhomogeneous ("porous") atmosphere the effective opacity is lower than that for a homogeneous atmosphere (Shaviv 2000) .
The main conclusion of this subsection is that the parameters for the jet-powered radiation model of the Great Eruption of Eta Carinae are plausible. Another support to that model is the bipolar structure of Eta Carinae that has two large opposite lobes with a narrow waist between them. This morphology better fits the expectation of wide jets than that of an efficiently radiating equatorial outflow interaction (section 6).
The ILOT V838 Mon
Tylenda (2005) presents a detailed and thorough study of the V838 Mon eruption, and derives the following properties. The effective radius at the end of the eruption was r 2 × 10 14 cm, and the effective temperature during the high luminosity phase was T eff 5000 − 7000 K. Tylenda (2005) considers a model of shells, but without collision; the first shell in his model is faster than the second shell. The outflow was heated by shocks at the base of the outflow. I expect such a mechanism to be less efficient in channelling energy to radiation than collision between shells (or jets with shell) since the optical depth is large at the inner parts. Nonetheless, it is possible that the binary interaction in V838 Mon was not powered by jets at all. Here I present a plausible set of parameters for jet-powered radiation model of a similar ILOT (even if does not apply to V838 Mon). Tylenda (2005) estimates the mass of the first shell to be M sh,1 0.08M and its thickness as 0.2 times its radius, ∆r sh,1 0.2r sh,1 . For the second shell his estimate is M sh,2 0.45 − 0.65M . Tylenda (2005) claims that if he uses the Planck mean opacity instead of the Rosseland mean opacity, he derives the shell masses to be M sh,1 8 × 10 −4 M and M sh,2 0.004M , respectively.
Overall, Tylenda (2005) estimates that V838 Mon ejected a mass in the range of ≈ 0.005M − 0.6M , Lynch et al. (2004) estimate this mass to be ≈ 0.04M , and Tylenda, & Soker (2006) suggest a mass loss of ≈ 0.03M based on an outflow velocity of 300 km s −1 and under the assumption that half the energy is carried by radiation and half as kinetic energy. The total radi-ated energy in the eruption is E rad,o 2.5 × 10 46 erg (e.g., Tylenda, & Soker 2006) . In that case the total energy of the eruption is 5 × 10 46 erg. But the kinetic energy might be much larger and the total energy of the event might be up to 10 48 erg Kashi, & Soker 2010b) .
As a plausible set of values for a jet-powered radiation model in that ILOT I take the following parameters. For the radius I take the value when the rapid photosphere expansion started, which signifies the beginning of the strong interaction between the jets and the slow shell, r s 3 × 10 13 cm. For the jets velocity I take a value of v j = 700 km s −1 , similar to the escape velocity of a main sequence star somewhat more massive that the sun. However, in the present case it is possible that the slow shell that was ejected at the beginning of the interaction is moving at 300 km s −1 , and has more energy than the jets. The collision then does not transfer all the jets energy to thermal energy, but only a fraction of it, about a half or somewhat more. Plausible mass values are a total mass in the two jets of M 2j 0.02M , and M s 0.2M . For a slow shell velocity of 250 km s −1 , the total eruption energy is 2.2 × 10 47 erg. Substituting these values in equation (9) given
As said, the shocks convert only a fraction of the kinetic energy, mainly the jets' energy, to thermal energy, E th ≈ 10 47 erg. For the values I use in equation (11), radiation carries about half of the thermal energy E rad ≈ 5 × 10 46 erg. This is about twice the observed value. Considering the large uncertainties, including the value of the opacity (Tylenda 2005) , this is an adequate agreement to the purpose of showing that a jet-powered radiation model is a plausible scenario for the eruption of V838 Mon.
POLAR INTERACTION VERSUS EQUATORIAL INTERACTION
From pure flow considerations, the same treatment of the fast polar outflows, i.e., jets, that hit a spherical slow outflow holds for a fast equatorial flow that hits a spherical shell. However, although such equatorial fast outflow studies exit (e.g., Soker 1999) , most studies of extra emission from equatorial outflows consider an early slow equatorial flow, e.g., through the outer Lagrange point (e.g., Pejcha 2014) and a later fast spherical outflow, e.g., a supernovae explosion, that collides with the slow equatorial outflow (e.g., Andrews, & Smith 2018 for iPTF14hls; for simulations of such a flow, see, e.g., Kurfürst & Krtička 2019) .
The internal collisions of a spiral structure that mass loss from the outer Lagrange point forms, thermalize only ≈ 10% of the kinetic energy (e.g., Pejcha et al. 2016a) . As the terminal velocity of this equatorial outflow is v s,0 0.25v esc,B , where v esc,B is the escape velocity from the binary system, and some of the thermal energy is not radiated, the overall radiated energy per unit mass is e rad 0.01v 2 esc,B /2 (also Pejcha et al. 2016b ). This is too low an efficiency for the systems I consider here.
The case of a spherical fast ejecta that hits a dense equatorial outflow can be more efficient than internal collision of the equatorial outflow (e.g., Metzger, & Pejcha 2017) . The case of a core collapse supernova explosion with a circumstellar disk is such a case (e.g., Andrews, & Smith 2018) . It might in principle work also for classical nova outbursts. However, in the case of main sequence stars or giant stars, it is not easy to come up with a scenario of a fast spherical ejection event that runs into a disk. In any case, the collision of the fast ejecta with the equatorial outflow thermalizes only a fraction of h/r, where h is the half-thickness of the equatorial outflow at distance r. Metzger, & Pejcha (2017) use h/r = 0.3 in their study, and Gofman, & Soker (2019) find that they require a value of h/r 0.2 to explain the luminosity of the supernova iPTF14hls by ejecta-torus interaction.
Overall, the jet-powered radiation model predicts for many cases (but not all) the formation of large lobes with a narrow waist between them. In case of a fast ejecta interacting with a thick torus, the waist is expected to be thicker, and the lobes will be part of a large sphere where the equatorial part is missing. I think the morphology of Eta Carinae nebula better fits shaping by jets. suggests that the seventeenth century eruption of the LBV P Cygni was powered by a mass transfer to a B-type binary companion during periastron passages, and that the B-type companion launched jets (for more indications for a possible companion see Michaelis et al. 2018) . further notices that the jets might account for the morphology of the nebula that is peculiar (e.g., Nota et al. 1995) , but contains an axisymmetric component (Smith, & Hartigan 2006) . However, for this specific nebula a dense equatorial mass loss might also account for the morphology (Nota et al. 1995) .
Another difference between jet-powered ILOTs and the mass loss from the outer Lagrange point is the duration of mass loss relative to the binary orbit. The mass loss through the outer Lagrange point that forms an equatorial outflow lasts for many, up to thousands, of orbits of the binary system prior to the final dynamical coalescence. However, in some cases interaction might be much shorter. For example, in the Great Eruption of Eta Carinae the orbit of the binary system is highly eccentric, and the outbursts lasted for about 4 orbital periods. As well, the bipolar structure of the nebula, the Homunculus, is bipolar, pointing to shaping by jets. The pre-explosion outbursts of SN 2009ip (those of 2009 and 2011; Mauerhan et al. 2013 ) also lasted for a time shorter than few times the orbital period of a possible binary system (Kashi et al. 2013) . In these cases a different powering mechanism than mass loss through the outer Lagrange point must take place.
Another direct energy source is the collision of the secondary star with the envelope of the giant star. Namely, the companion crosses the envelope (the companion survives the interaction), and a fraction of its kinetic energy is transferred to radiation. The radiation efficiency might be very low because of these reasons. If the larger star is a red giant of any sort, then the velocity of the companion is about the Keplerian velocity on the surface of the giant, which is slow for giant stars. In case of two main sequence stars the velocity is high. In both of these cases the interaction takes place inside a dense envelope so that the photon diffusion time is long, and the hot shocked gas expands and cool adiabatically before it radiates much of the energy. The raadaition efficency of a such a process might be low.
SUMMARY
This study aims at ILOTs (not at supernovae) where the energy source is gravitational energy that results from a mass transfer event in a binary system, or from the merger of the two stars. In particular, I considered cases where the radiation of the ILOT carries a large fraction, 10%, of the kinetic energy of the outflow, and the radiated energy is much larger than the recombination energy of the outflowing gas (section 2). I studied some expected properties of a scenario, the jet-powered radiation model, where jets collide with a slow shell (Fig. 1) . This collision transfers kinetic en-ergy to thermal energy. For this process to be efficient, the jets should be relatively wide to prevent their penetration through the shell (eq. 6).
To convert a large fraction of the thermal energy to radiation, the photon diffusion time cannot be much longer than the expansion time scale (the adiabatic cooling time scale). In equation (9) I give this condition for about half of the thermal energy to be radiated. But here I considered also cases with somewhat lower efficiency, but larger than 10% efficiency in converting kinetic energy to radiation.
In section 5 I applied the results to the Great Eruption of Eta Carinae and to V838 Mon. In both cases I showed that I could find a plausible set of parameters for a jet-powered radiation model to explain the radiation in these two ILOTs. I emphasise again that the uncertainties in some parameters and in the geometry are very large, so there is a need for more studies.
In section 6 I compared the jet-powered radiation model to models where there is an equatorial mass concentration rather than polar mass concentration as in jets. I argued that the morphology of the nebula of Eta Carinae (the Homunculus) suggests that the radiation of the Great Eruption was powered mainly by jets. Overall, in ILOTs, I expect the jet-powered radiation model to be more efficient in converting kinetic energy to radiation than models that are based on equatorial mass concentration. In many cases, thought, I expect both jets and equatorial mass concentration to occur in the same system.
Binary interaction can lead both to the launching of jets and to an equatorial mass concentration, as morphologies of planetary nebulae and of outflows from other evolved binary systems show. Therefore, the main conclusion of this study is that when studying ILOTs, one should be aware both of jets (polar mass concentration) and of equatorial mass concentration.
